We investigate compact halos of sterile-neutrino dark matter and examine observable signatures with respect to neutrino and photon emission. Primarily, we consider two cases: primordial black-hole halos and ultracompact minihalos. In both cases, we find that there exists a broad range of possible parameter choices such that detection in the near future with x-ray and gamma-ray telescopes might be well possible. In fact, for energies above 10 TeV, the neutrino telescope IceCube would be a splendid detection machine for such macroscopic dark-matter candidates.
I. INTRODUCTION
In the present standard model of cosmology, approximately 25 % of the energy density of the Universe is constituted in the form of a pressureless, nearly perfect fluid of nonrelativistic objects, so-called (cold) dark matter. Many potential dark-matter candidates have been proposed so far. Perhaps the most studied of those is a hypothetical heavy particle beyond the standard model of particle physics, which only weakly interacts with the other standard-model particles, called a WIMP for short. However, it has been realized that dark matter might also exist, possibly partly, in the form of macroscopic objects. Two of those, primordial black holes (PBHs) [1, 2] and ultracompact minihalos (UCMHs) [3] , will be discussed in greater detail below.
1
On the particle side, amongst many variants of what the dark matter could be, one quite promising possibility is that of so-called sterile neutrinos (see Ref. [6] for an early discussion on their role as dark-matter components and Refs. [7] [8] [9] [10] for more recent reviews on their role in cosmology and astrophysics in general). Sterile-neutrino dark matter, which will be discussed in more detail in the next section, really stands for a whole class of darkmatter models, ranging from one to an, in principle, arbitrary number of additional neutrinos with a broad range of masses from a few eV to even far above the TeV scale (cf. Ref. [8] ) and so-called mixing, determining to which degree the active and sterile neutrino flavor eigenstates constitute the neutrino mass eigenstates.
2 * Electronic address: kuhnel@kth.se † Electronic address: tohlsson@kth.se 1 There exists yet another possibility for macroscopic dark matter, namely in the form of nuclear-density objects (cf. Refs. [4, 5] ). 2 Increasing the number of sterile neutrinos, the number of model parameters raises significantly, and hence, the constraints on those become weaker. In view of the possibility to serve as a solution to possible small-scale issues of the standard model of cosmology (such as the so-called missing-satellite [11] or the tooCombining the two scenarios mentioned above, i.e. particle and macroscopic dark matter, to one consisting of sterile neutrinos aggregated to compact massive structures-either in the form of dark-matter halos around PBHs or in the form of UCMHs-is very tempting. On the one hand, a small fraction of PBHs could provide excellent seeds for the super-massive black holes in the centers of galaxies [13] . On the other hand, in view of the fact that it appears difficult, although not impossible, to have the entire dark matter in the form of PBHs or UCMHs (cf. Ref. [14] for a recent article including a summary of relevant constraints), sterile neutrinos appear to date as vital supplementary and major candidates for the dark matter. The derivation of observable signatures for such a combined scenario is the aim of this paper.
II. STERILE NEUTRINOS
As mentioned above, these are hypothetical types of neutrinos that do not interact via any of the fundamental forces in Nature, except for the gravitational force, which makes them even harder to detect than ordinary neutrinos. Despite the fact that sterile neutrinos do not interact via the weak force, since they are inherently righthanded, they can still mix with active neutrinos, which also means that oscillations between active and sterile neutrinos can occur. The mixing between active and sterile neutrinos is quantified by the active-sterile neutrino mixing sin 2 (2Θ), Θ being the corresponding mixing angle. Furthermore, the number of sterile neutrinos does not affect the measurements of the lifetime of the Z boson, since sterile neutrinos do not interact via the weak force.
big-to-fail problem [12] ), emphasis has mostly been put on investigating cases with up to three sterile neutrinos, where one of them has a mass in the keV range.
The mass of sterile neutrinos is generated by a Majorana mass term and is hence not bounded by the electroweak energy scale. Also, there are no modelindependent bounds on the mass of sterile neutrinos, which is denoted by m νs . Therefore, in this work, since their production mechanism is basically unknown, we will take a phenomenological approach and do not restrict ourselves to sterile neutrinos of any particular mass (but we mostly use a mass of m νs = 10 keV as a reference value). This will allow us to probe a wide class of scenarios and even open up the detection possibilities with neutrino telescopes, which are typically not sensitive to decays of light (e.g. eV-massed) sterile neutrinos.
Most observational investigations of sterile neutrinos as a dark-matter candidate utilize the study of keV xrays from decays of sterile neutrinos to active neutrinos. These have been performed with a number of observations, such as Suzaku [15] or NuSTAR [16] (see also Refs. [8, 9] and references therein).
III. PRIMORDIAL BLACK HOLES
These are black holes which have been produced in the very early Universe. Ever since PBHs were first postulated, they have received considerable attention [1, 2] . The interest in them constituting (parts of) the dark matter [17] has been revived recently [14, [18] [19] [20] [21] [22] [23] [24] , in particular through the gravitational-wave discovery of blackhole binary mergers [25, 26] . The possible PBH formation mechanisms are very diverse and there is a plethora of scenarios, which lead to their formation. All of these have in common that they require a mechanism to generate large overdensities, specified by the density contrast δ ≡ δρ/ρ with ρ denoting the background energy density and δρ the local overdensity.
Often these overdensities are of inflationary origin [27] [28] [29] . When reentering the cosmological horizon, they collapse if they are larger than a given threshold δ c , which is medium-dependent. For the most relevant case of radiation domination, it is δ c ≈ 0.45 (cf. Ref. [30] ). Here, the case of radiation domination is the one most often considered in the literature. Other scenarios for PBH formation exist, such as those where the sources of the inhomogeneities are first-order phase transitions [31] , bubble collisions [32, 33] , collapse of cosmic strings [34, 35] , necklaces [36] , or domain walls [37] .
With the vast amount of mentioned formation mechanisms, PBHs might have been produced in any possible abundance with masses ranging from about the Planck mass up to twenty orders of magnitude above the solar mass. To date, it is entirely unclear which, if any, of these mechanisms that have been active. In this work, we will therefore take a pragmatic approach and be ignorant to the precise origin of PBHs and pose constraints on a given abundance at a given mass.
Furthermore, we will consider a scenario of twocomponent dark matter with a small fraction of PBHs and a large complementary fraction of sterile neutrinos forming halos around them. Typically, the mass M contained in the halo is much larger than that of the contained black hole itself M BH , i.e. M M BH (see Ref. [38] ). We will just refer to these objects as compact halos.
In the following, we will assume that these compact halos constitute a fraction f DM = 1 of the dark matter.
3 Since we are dealing with decays, and moreover, for all practical detection purposes, these compact halos are pointlike, and hence, their halo profiles do not matter; the decay characteristics will be entirely determined by the sterile-neutrino mass m νs , the sterile-active neutrino mixing angle Θ, and the mass of the compact halo M . Below, we will elaborate more on the concrete radiation mechanism.
IV. ULTRACOMPACT MINIHALOS
Ricotti et al. [3] have proposed that large overdensities 3 · 10 −4 δ c 0.3 -being therefore below the PBH formation threshold -might form ultradense self-bound structures. In fact, it has been conjectured that, unless PBHs constitute all of the dark matter, UCMHs should be more abundant than PBHs. Recently, various works have investigated constraints on a class of UCMH scenarios [39] [40] [41] [42] . Also, their formation mechanisms as well as their halo structure have been thoroughly investigated (cf. Ref. [43] ). Like above for the case of PBHs and for the same reasons, we will neither care about their precise formation mechanism nor about the detailed halo structure, since these will be practically irrelevant for our consideration. So, below we will assume a certain abundance of compact halo objects (which will be either PBHs with halos or UCMHs) of a given M .
V. RADIATION FROM THE COMPACT HALOS
As regards the emission from the compact halos, there are basically two relevant emission channels: into (a) standard-model neutrinos and (b) photons. Concerning the former, the individual decay rate is given by (cf. Eq. (7) 
Nevertheless, for most cases, the photon emission is by far the most relevant one, as for instance the neutrino telescope IceCube can only observe neutrinos above an energy of O(100) GeV [45] . In order to obtain the total decay rates Γ total ν s →νγ and Γ total ν s →3ν for a given compact halo of mass M , the individual decay rates in Eqs. (1a) and (1b) have to multiplied by the number N of sterile neutrinos within this halo, i.e. N M/m νs , since M M BH . Furthermore, given a homogeneous local dark-matter density of ρ DM ≈ 0.3 GeV/cm 3 , M also determines the average distance between two halos
In Table I , the characteristics mentioned above are shown for a few selected values of M , for fixed m νs and Θ (see table caption). Now, the idea is that with a given probability a compact halo passes by within a certain distance to the detector and generates a much larger flux through its effective area than could come from any background or from any of the more remote sources, like decaying sterile neutrinos in a distant galaxy. 4 For definiteness, let us assume a lo- 4 For all considered parameter ranges, the amplification from a compact halo object flying near by (and much nearer than their average distance) the detector can easily exceed any flux from other compact halo objects both in the background and from a distant localized source. To be definite, consider the extreme case of a compact halo object being directly at the detector (and hence O(1) of its radiation is going through the detector area cally homogeneous spatial distribution of compact halos and a Maxwellian velocity distribution:
with the root-mean square velocity v RMS . By virtue of the total decay rates mentioned above, for a given value of M , there exists a given distance r Φ from the detector such that a certain flux Φ A through the effective detector area A is observed, namely
A eff ), as well as be extremely conservative and take A eff to be equal to 10 8 cm 2 . Then, for the case of compact halo objects of M = 10 15 g with average distance of d = 0.8 AU (cf . Table I ), the amplification with regard to the flux generated by this object is about (πd 2 )/A eff ≈ 10 20 times larger than what such an object would generate at d = 0.8 AU. Taking the accumulated radiation of all compact halo objects into account brings this ratio down, but nowhere near 1. The same holds even more true for all any distant localized source, due to the r −2 decline of the flux.
where, as above, N M/m νs is the number of sterile neutrinos within each compact halo.
Given the average distance d and velocity v of these halos, one can easily (in fact, purely geometrically 5 , see Fig. 1 ) compute the probability P that a certain such flux sphere is intersected, i.e.
Above, θ ∈ [0, π] and φ ∈ [0, 2π) are the opening angles of a detector. The probability P in Eq. (5) can then be translated to the time it takes to observe a given flux. Averaged over the velocity distribution in Eq. (3), it reads
which is valid as long as d is larger than 2 r Φ ; if it is smaller, the sought-for flux Φ would be below background level.
In Fig. 2 , the result of the numerical inversion of Eq. (6) is presented. The curves in this plot essentially consist of two parts: (i) A constant part to the left of these plots, which corresponds to a background of the integrated photon/neutrino emission surrounding the detector. Here, we use the local dark matter density of ρ DM ≈ 0.3 GeV/cm 3 , and assume that the detector is pointing away from the Galactic center. In the background region, d is smaller than r Φ . The point at which these lengths equal each other is precisely the point when T f in Eq. (6), which has been inverted to yield the results in Fig. 2, vanishes. (ii) A part which increases with mass. This corresponds to the fact that the path of a given compact halo passes through the flux sphere given by r Φ . Furthermore, in Fig. 2 , the various colors denote different root-mean square velocities v RMS (cf. [46] ), for each of which the results for several values of M are 5 Since we are concerned with our very local neighborhood, we assume homogeneously-distributed dark matter (i.e. compact halos), one may imagine them as being placed on a uniform grid (of edge size equal to d) with Earth somewhere within this grid, say, in the middle of one of the grid cells for definiteness. At the corners of each of these cells, there are all together eight halos, which move in random directions. Now, each halo has eight octants to move to, so on average one of them will move into the octant containing Earth. Therefore, let us focus on this one. The probability for such a compact halo to intersect one of the flux spheres mentioned above is then just given by the ratio of the angles this sphere subtends (from the halo's perspective), divided by π 2 /4 (from the octant) times the fraction of the sphere intersected by the cone given by the detector opening angles. 
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FIG. 2:
Photon flux Φ A through the effective detector area A as a function of the observation time T necessary to achieve this flux. The different colors depict different root-mean square velocities vRMS assuming (for definiteness) a Maxwellian distribution of compact-halo velocities. We visualize results for a hypothetical detector with an effective detection area A = 10 5 cm 2 and opening angles of 16
• each. The used root-mean square velocities are taken to be vRMS ∈ {100, 200, 300} km/s, corresponding to yellow, red, and black color coding, respectively. Within each of these, results for various compact-halo masses are shown in the range M ∈ {1, 10 6 , 10 12 } g (from top to bottom). The vertical dashed lines indicate one hour, one day, one week, one month, one year, ten years and hundred years of time (from left to right). The solid curves are results for a sterile-neutrino mass of mν s = 10 keV and a sterile-active neutrino mixing angle Θ with sin 2 (2Θ) = 10 −11 , whereas the dashed curves utilize mν s = 100 MeV and sin 2 (2Θ) = 10 −16 .
shown (see the caption of Fig. 2 for details) . We note that given the already lager velocity spread used, all respective curves only show a minor variation. Also, regardless of the value of M , we observe that each curve (for a given value of v RMS ) converges to a common branch at longer observational times. Even though the most studied scenarios of sterileneutrino dark matter focus on mass ranges around a few keV, there is, a priori, no fundamental reason to reject larger masses-even more so as the sterile-neutrino production mechanism is entirely unknown. Furthermore, from Eqs. (1a) and (1b), we see that the decay rates, and hence, the observable signatures, while scaling linearly with sin 2 (2Θ), depend on m νs to the fifth power. This strong dependence is well visible by comparing the solid curves to the respective dashed ones in Fig. 2 , where the former is for m νs = 10 keV and sin 2 (2Θ) = 10 −11 and the latter utilizes m νs = 100 MeV and sin 2 (2Θ) = 10 −16 . This results in a shift upwards by a factor of 10 15 from the former to the latter set of curves. It should be noted that the smaller M is, the lower lies the constant (background) part and the earlier it joins the increasing branch. The mentioned shifts of the graphs are the only changes due modifications of the model parameters; the entire functional form stays the same otherwise.
VI. OBSERVABILITY
The questions of if and how the emission from those compact halos could be detected, depend on both the type of emission and its energy range. Furthermore, besides the photon or neutrino background due to the spatial distribution of compact objects like PBHs with their halos or UCMHs, there are various other astrophysical sources, which constitute a ground level of respective emission.
The relevant photon detectors basically divide into those observing x-rays (such as Suzaku [15] , NuSTAR [16] , and PoGO+ [47, 48] ) and those measuring gammarays (like ACT [49] , AdEPT [50] , and Fermi [51] ), while the neutrino telescope IceCube [52] operates from about 100 GeV and upwards. In Table II , we show results for the values of the threshold compact-halo mass M th for the above-mentioned telescopes. We present our results for an observational time of one year, v RMS = 200 km/s, energies E ranging from 1 keV to E = 10 4 TeV, and five different values for the total decay rate Γ total ∈ {0.01, 0.1, 1, 10, 100} ·Γ total , where the reference decay rateΓ total assumes m νs = 10 keV and sin 2 (2Θ) = 10 −11 . For each energy E, a given decay rate corresponds to a specific choice of the active-sterile neutrino mixing sin 2 (2Θ), which scales as ∼ E −4 [cf. Eq. (1a)]. Hence, Table II provides constraint prospects for the dark-matter scenario constituted by compact halos of sterile neutrinos such that these objects should be detectable if their masses exceed the values of M th specified in this table. Below these values, the flux received by a detector is smaller than its sensitivity for the assumed values of v RMS and sin 2 (2Θ) and the chosen observational time of one year. A longer observational time increases the probability of detecting a flux peak through increased proximity of the compact halos to the telescope (cf. Fig. 2 ).
VII. SUMMARY AND OUTLOOK
In this paper, we have investigated a class of darkmatter scenarios which consists of sterile neutrinos confined into either halos around primordial black holes or ultracompact minihalos. Special emphasis has been given to estimate possible decay signatures for both photons and neutrinos.
For various parameters (such as the masses of the compact halos), we have derived the observational times necessary to detect these signatures. We have compared these to the detector sensitivities for different energies, taking into account the specific background of photons or neutrinos, respectively. For better comparability, we have studied active-sterile neutrino mixing leading to the same total decay rate for each energy. We have found that almost all state-of-the-art x-ray and gamma-ray telescopes should well be in a position to set bounds on the investigated form of sterile-neutrino compact-halo dark matter. Amongst the photon telescopes, Fermi should be exceptionally well suited in search of this form of dark-matter objects, regarding both its sensitivity and the width of its detection range. Future surveys might include CTA [53] , which will extend the search range to energies above 10 TeV. Surprisingly, for these energies, the same holds true also for the neutrino telescope IceCube, which would be one of the most splendid detection machines for such macroscopic dark-matter candidates. Of course, our results only provide first estimates; a proper quantitative analysis is very tempting and should be performed in the future.
